INTRODUCTION
The spatial variability of supraglacial snow cover is an important influence on glacier mass balance, and must be known if models of surface melt and mass balance are to be properly initialized. At present, information on snow accumulation patterns on ice masses in Canada's Queen Elizabeth Islands (QEI) has been derived mainly from a sparse network of point measurements, obtained from massbalance stakes, firn cores, snow pits and manual probing (e.g. Koerner, 1966; Cogley and others, 1996; Mair and others, 2005; . These methods are used to identify the position of end-of-summer surfaces or annual layering, and may also provide information about temporal variability in snow accumulation at each measurement site. Point measurements tend to be labour-intensive and time-consuming, however, and given the complexity of factors that control snow-cover distribution across glaciers and ice caps (e.g. terrain, distance from moisture sources, wind redistribution), they provide little information about the spatial distribution of snow cover at a resolution that approximates the true variability (Deems and others, 2006) .
Past studies have demonstrated that ground-penetrating radar (GPR) measurements from moving platforms, at typical frequencies of $200-1000 MHz, can characterize snowcover variability with high vertical and horizontal resolutions along continuous profiles in locations such as Svalbard (Kohler and others, 1997; Pinglot and others, 2001; Pälli and others, 2002; Taurisano and others, 2007; Dunse and others, 2009) , Greenland (Maurer, 2006; Dunse and others, 2008) and Antarctica (Spikes and others, 2004; Arcone and others, 2005; Anschü tz and others, 2008; Eisen and others, 2008) . A previous study on Devon Ice Cap, QEI, with a 8-18 GHz frequency-modulated continuous-wave radar identified almost continuous near-surface reflectors over 1 km transects near the summit region (Demuth and others, 2007) , although these were not used to quantify snow water equivalent (SWE) distribution. Transmitted radar signals are reflected at internal reflection horizons (IRHs) within the snow and firn. Changes in the dielectric properties of the snow and firn that produce these IRHs are typically caused by density and stratigraphic contrasts associated with ice layers (including that formed during end-of-summer freezeup), hoar layers and dense wind-packed layers (Arcone and others, 2004; Dunse and others, 2008) . The end-of-winter snowpack typically overlies a distinct, hard and dense crust that is almost continuous across the accumulation area of polar glaciers and ice caps. This late-summer surface (LSS) is readily identifiable in GPR surveys conducted in spring due to the contrast in dielectric properties between it and lowdensity depth hoar that makes up the basal part of the overlying winter snowpack. Measuring the vertical separation between LSS layers in a GPR profile can thus provide quantitative measurements of annual snow/firn layer thicknesses, and SWE values when densities are known (Taurisano and others, 2007) .
In this study we use GPR and snow density measurements to determine glacier-wide SWE patterns across Belcher Glacier, Devon Ice Cap, over both single winter (2007/08) and multi-year (2005-07) periods. Snow accumulation patterns have previously been determined for other regions of Devon Ice Cap, such as the summit region and northwest and southerly basins (e.g. Koerner, 1966 Koerner, , 1977 Pinglot and others, 2003; Mair and others, 2005; , but none have previously been determined for the Belcher basin. The GPR data were collected over 306 km of track across the accumulation area of Belcher Glacier in May 2008 (Fig. 1) , prior to the onset of melt, and compared with point snow depth measurements. Shallow ice cores were used to verify the internal layering identified in the GPR surveys. We also use the GPR data to identify the location of the firn line, and investigate the controls on spatial variability in snow distribution by assessing the relationships between GPR-derived snow cover and terrain parameters derived from a digital elevation model (DEM).
STUDY SITE AND METHODS

Study site
Belcher Glacier (758 N, 828 W) is the largest tidewater glacier flowing from Devon Ice Cap, and accounts for $42% of losses from the ice cap due to calving (Van Wychen and others, 2012) . The glacier covers an area of 1180 km 2 , and ranges in elevation from sea level to $1920 m (Fig. 1) . Most of the lower glacier (<$1000 m) is constrained within a well-defined bedrock valley and is fed by a number of tributaries, while the upper glacier comprises an open region that reaches the ice-cap summit and shares drainage divides with the rest of the ice cap. Velocities across the upper glacier are typically 10-20 m a -1 , while velocities along the main trunk in the ablation area increase from $50 m a -1 in the upper parts to >200 m a -1 at the terminus (Van Wychen and others, 2012) . The main moisture source for Belcher Glacier is the North Open Water Polynya, to the southeast of Devon Ice Cap, the existence of which promotes relatively long melt seasons (Wang and others, 2005) . The mean annual air temperature at sea level for Devon Island is -13.68C (Mair and others, 2005) , while the mean annual air temperature recorded by an automated weather station at the summit of Devon Ice Cap was -20.58C for the period 1997 (personal communication from P. Bezeau, 2012 . Melt onset dates typically range from late May to mid-July (depending largely upon year and elevation), with freeze-up dates from mid-July to early September. The accumulation area of Belcher Glacier contains a superimposed ice zone, slush zone and lower and upper percolation zones, but there has been no dry or quasi-dry snow zone since at least the mid-2000s (personal communication from T. de Jong, 2012).
Ice cores and borehole density profiles
Five boreholes were drilled to depths of 7-12 m with a Kovacs Mark II ice corer at elevations of 1060 m (B2), 1390 m (B1), 1515 m (B5), 1640 m (B3) and 1860 m (B4) (Fig. 1) . The locations and thicknesses of ice lenses and ice layers in the extracted core sections were logged to establish a visual stratigraphy. Centimeter-scale snow density profiles were obtained in the boreholes using a neutron probe modified from a Wallingford soil moisture probe (Bell, 1969) . Several previous studies (e.g. Hawley and others, 2006) have established neutron profiling as a valuable tool in studies of polar firn stratigraphy. The device consists of an annularshaped radioactive source mounted around the centre of a cylindrical detector and incorporated into a sonde slowly pulled up the borehole by an automatic geophysical logging system (Morris and Cooper, 2003) . Measurements were made from the base of each borehole to a depth of $0.45 m below the surface due to the requirement that the centre of the $1 m long sonde be fully contained within the borehole.
This study used neutron probe No. 1524 owned and operated by the Geological Survey of Canada, Natural Resources Canada. Neutron count rates were converted to density estimates through empirical field and laboratory calibration to neutron probe No. 165, which is used as the current standard for the community of practice (Morris, 2008) . This was enabled by performing a 'water count' experiment and scaling the measured count rates by the ratio of the probe's water count to that for probe No. 165. In addition, the borehole diameter and sonde offset (i.e. eccentricity within the borehole) were accounted for. For this study, boreholes were mechanically cored to a nominal diameter of 12.2 cm and the sonde was fully offset against the borehole wall. We estimate that the borehole diameters may have varied by 1-2 cm, and that this amount of variation would influence the estimated density values by approximately 8-10% (see also Hawley and others, 2008) .
GPR and snow measurements
Data were acquired with a Sensors and Software pulseEKKO Pro impulse GPR system with 500 MHz dipole antennas. The receiver and transmitter antennas were mounted in the base of a plastic sled coupled to the surface and towed by snowmobile at a speed of $10 km h -1 (2.78 m s -1 ). Traces were sampled at a temporal resolution of 0.2 ns over a total time window of 500 ns, stacked 16 times, and recorded every 0.2 s along transects. An integrated single-frequency GPS receiver recorded a position header in every tenth GPR trace, with unique coordinates calculated for every trace by assuming a constant travel speed between GPS positions. The GPR transects were designed to sample a wide variety of terrain and elevation ranges across Belcher Glacier, but could not be undertaken in a grid-like pattern for reasons related to safety of travel (e.g. crevasses) and logistics (e.g. travel distance from base camp at B2; Fig. 1 ).
Post-processing of GPR data used signal saturation correction ('dewow') to remove the low-frequency response common at the start of traces, frequency filtering (vertical bandpass), radar gain adjustments (Spreading and Exponential Calibrated Compensation; SEC2) and trace editing (removal of traces collected when the snowmobile was stationary). These steps provided a visually optimized image that allowed IRH to be identified as distinctive bands of high reflectivity, which were then picked automatically using a pulse-detection routine in Sensors and Software IcePicker R4 software. The automatic GPR picks were checked manually and compared against snow depths to the 2007 late summer surface (LSS-07) determined from measurements with a metal avalanche probe every $1-4 km across the upper part of the basin (Fig. 1) . Five depths were recorded at each probe location (central point, and $2 m away in each cardinal direction), and the average of these values is presented here. The probe depths were checked against visual identification of LSS-07 in $1 m deep snow pits distributed across the study area and at each borehole location ( Fig. 1) . Densities for the 2007/08 layer were measured in each snow pit by weighing the contents of a 250 cm 3 metal snow scoop with an electronic scale, with the reported value consisting of the average of three samples taken at equally spaced intervals on each vertical pit wall. The density of the LSS-05 to LSS-07 layer was determined from the mean of the neutron probe measurements over that depth range in each borehole.
Errors in IRH picking were difficult to assess since they depend on factors such as the variability in snowmobile travel speed along the survey line, the signal-to-noise ratio of the reflected event where the original return was weak, and the ability to clearly identify the snow layer (Kohler and others, 1997; Pälli and others, 2002; Parry and others, 2007) . Picking errors were assumed to lie between 1/20 and 1/10 of the wavelength used (Kohler and others, 1997; Anschü tz and others, 2008; Dunse and others, 2008) , which corresponds to a depth error of approximately AE0.02 to AE0.04 m at a center frequency of 500 MHz.
We calculated the radio-wave velocity (RWV) in the upper snowpack by using the relationship between RWV and density described by Kovacs and others (1995) . This equated to a RWV of 0.234 m ns -1 for snow with a mean density of 330 kg m -3 , as measured in the snow pits for the 2007/08 layer. Densities recorded by the neutron density probe between LSS-05 and LSS-07 varied between 341 and 618 kg m -3 , mainly dependent on altitude, so a different RWV was applied for each 100 m elevation band, ranging between 0.233 and 0.197 m ns -1 . (Table 1) . To verify the appropriateness of these RWVs, snow depths to LSS-07 determined with the avalanche probe were compared to the computed depths of IRHs in GPR returns from the same location. A RWV of 0.200 m ns -1 provided the best fit to these data (r 2 = 0.98). The difference between this value and the RWV values used in the calculations could be due to factors such as high-density ice lenses in the snowpack that were not properly sampled with our density measurement procedure, or the presence of water in the near-surface due to radiation-induced melting (although air temperatures were always below freezing during GPR profiling). It is also possible that the picked GPR return originated from within the LSS-07 layer, rather than from its surface as measured with the avalanche probe, although we have no data to verify this. The difference (of 0.034 m ns -1 ) between the RWVs derived from the snow densities based on neutron probe and avalanche probe measurements would generate variations in calculated snow layer thicknesses of up to 17%. When combined with potential errors from IRH picking and density measurements, we estimate that the maximum errors in our SWE determinations are $15-20%.
RESULTS
Overall IRH patterns
The GPR recorded strong near-surface layering at higher elevations throughout the study region (Figs 2c and 3c) . In borehole 5 (1515 m), densities increased rapidly from $400 to $550 kg m -3 at $0.65 m depth (Fig. 2a) . This depth correlated with the top of the LSS-07 layer identified in snow pits and a thick ice layer in the visual stratigraphy (Fig. 2b) . We interpret this density change to have produced the first continuous IRH throughout the GPR profile (Fig. 2c) . Below this layer, the next major IRH matched the $1.30 m depth of the next major density increase (from <400 kg m -3 to >500 kg m -3
). The visual core stratigraphy at this depth (2) and (27) of Kovacs and others (1995) . showed a series of ice layers and lenses of varying thickness (Fig. 2b) . As explained in Section 3.3, we infer this reflection to be LSS-05, with the weaker reflector above it (and below LSS-07) likely representing LSS-06. At borehole 3 (1640 m), the first major IRH in the GPR profile (Fig. 3c ) corresponded with a sharp density peak of 530 kg m -3 at 0.45-0.50 m depth in the neutron probe profile (Fig. 3a) . It also coincided with the first major zone of ice layering observed in the snow pits, avalanche probe measurements and visual core stratigraphy (Fig. 3b) , and is assumed to represent LSS-07. Below this there was a minor density peak at $0.95 m depth (Fig. 3a) , which appeared as a faint but continuous IRH (Fig. 3c ) that is likely associated with LSS-06. However, no ice layers were recorded in the ice-core stratigraphy at this position (Fig. 3b) . The neutron probe record shows the next prominent density peak at 1.35 m depth (Fig. 3a) , which correlated well with a distinct IRH in the GPR trace (Fig. 3c) . Visual core stratigraphy showed that thick ice layers and ice lenses were also present here (Fig. 3b) , and we take this layer to represent LSS-05. 
Winter (2007/08) SWE patterns
Based on the results presented above, and similar observations from the other GPR transects and boreholes measured in May 2008, we derived winter 2007/08 snow depth for 91 889 locations at which GPR traces were recorded in the upper Belcher Glacier basin. These depth measurements were converted to SWE values by multiplying them by the mean density measured in the snow pits of 330 kg m -3 . As this mean density varied little between pits (SD = AE0.05 kg m -3 ) it was used for all calculations. The winter 2007/08 SWE varied across Belcher Glacier, typically with higher values at higher elevations (Fig. 4a) . SWE values were generally low (<0.20 m w.e.) in the lowest parts of the accumulation area (1200-1400 m a.s.l.), but varied between the east and west sides of the basin at higher elevations, with transects in the westernmost part having lower and less variable values than those in the central and eastern parts (Fig. 4a) . The largest SWE values were found in the southwest part of the study region (1700-1900 m), near the ice-cap summit, where they were locally >0.50 m w.e.
Net annual (2005-07) SWE patterns
As discussed above, additional IRHs were visible below LSS-07 in the GPR profiles (Figs 2c and 3c) . The returns from the LSS-06 IRH were consistently weaker than those from LSS-05, which can be understood by considering the recent melt-refreezing history across Devon Ice Cap. Wolken and others (2009) showed that large-magnitude backscatter ( An additional factor in 2006 was a major rain event of $38 mm that occurred in late August across the entire ice cap, which resulted in extensive wet snow metamorphism and the creation of large snow crystals and a highly permeable near-surface (personal communication from D. Burgess, 2010) . It is likely that this allowed water to percolate deep into the snowpack and freeze above the impermeable LSS-05 ice layer. Overall this will have produced a weak LSS-06 reflector, but stronger LSS-05 reflector, as observed in the GPR records.
If it is assumed that the next major reflector beneath LSS-07 is LSS-05, then it becomes possible to determine the net mass balance for 2005-07 above the firn line. This differs from the 2007/08 records, which represent only winter accumulation, because the 2005-07 series includes two summer melt seasons and indicates what has remained at the end of two full annual cycles. This does not take into account any internal accumulation that might have occurred below LSS-05 due to percolation, although we believe that the thickness of the LSS-05 ice layer will have made it difficult for large volumes of water to penetrate this horizon. The GPR surveys recorded 81 118 points at which the distance between the LSS-05 and LSS-07 layers could be determined. These were converted to SWE values using the mean densities recorded in the boreholes between these layers with the neutron probe ( Table 1) . These SWE values were divided by 2 to provide mean annual net accumulation over a period of 2 years.
There was considerable spatial variability in the SWE distribution for the multi-year time series (Fig. 4b) 
DISCUSSION
Influence of terrain on SWE distribution
To understand the controls on the GPR-derived snow accumulation patterns, we determined the surface topography of Belcher Glacier from a DEM with 20 m nodal spacing derived from 2007 SPOT-5 (Satellite Pour l'Observation de la Terre) stereo satellite imagery (Korona and others, 2009) . The accuracy of the DEM was determined by checking the difference between grid elevations and elevations recorded by the GPS during the GPR surveys. Fifty comparisons were made across the basin, with a mean difference of 5.78 AE 5.86 m. The terrain factors of slope angle, profile (downslope) curvature, planform (acrossslope) curvature and aspect were calculated from the DEM using ESRI ArcGIS 9.2 software, and extracted for every location at which snow depth was determined from the GPR data. A principal component analysis was performed on these terrain factors to remove the statistical interdependencies between them (Copland, 1998) . This indicated that the first three principal components were significant (i.e. > 1) ( Table 2) . Component 1 is dominated by the influence of elevation, slope angle and north-south aspect, component 2 by profile and planform curvature, and component 3 by east-west aspect. Together, these three components explain 63.8% of the total variance in the terrain data. o determine the relationship between winter 2007/08 SWE distribution (i.e. snow accumulation patterns) and terrain, these first three principal components were correlated with the winter 2007/08 SWE values ( Table 2 ). The resulting correlation coefficients were all statistically significant at >99%, and indicate that SWE is positively correlated (r = 0.62) with PC1, which indicates that SWE tends to increase as altitude increases and slope angle declines, so that the deepest snow is found in the upper, gently sloping regions of the basin that are predominantly north-facing. Elevation has previously been recognized as an important influence on variations in snow depth distribution over Devon Ice Cap and within the QEI more generally (Mair and others, 2005; Colgan and others, 2008) , most likely due to the forced mechanical lifting of air as it passes over the ice cap (Elder and others, 1991) .
SWE is negatively correlated (r = -0.26) with PC2, the factor that mainly represents surface curvature. SWE tends to be higher in concave areas such as gullies, likely due to wind redistribution. These findings complement those of Koerner (1966) and Koerner and Russell (1979) , who found that snow accumulation patterns across Devon Ice Cap can be strongly influenced by wind scour, particularly in the winter. In a study near Resolute Bay, QEI, Woo and others (1983) also found that annual snow deposits were shallowest (<0.1 m) on windswept hilltops or convex ridges, and thickest (>1.0 m) in concave gullies and valleys.
SWE is positively correlated (r = 0.62) with PC3, which indicates that SWE tends to increase on east-facing slopes. This may be related to the dominant northwest winds on Devon Ice Cap (Wohlleben, 2009 ) depositing snow in leeside locations.
Determination of glacier facies with GPR
Changes in the location and characteristics of IRH can be used to determine the location of the firn line across the Belcher Glacier basin. In particular, the depth to LSS layers decreases from the accumulation area towards the ablation zone, as indicated by distinct IRHs that intersect the glacier surface in the GPR profiles (Fig. 5) . In the main accumulation area the near-surface is composed of a firn/snow matrix that was visible as a zone of high backscatter in GPR records. Decimeter-scale variations in near-surface density in the upper part of the accumulation zone cause the GPR signal to be reflected and attenuated at the multiple interfaces between compacted firn, ice layers and ice lenses, as observed in borehole stratigraphy (Figs 2b and 3b) . In the Belcher Glacier basin, Burgess and Sharp (2008) used aerial photography and field observations to map a system of meltwater channels that begin at $1500 m elevation and terminate in crevasse fields and moulins at lower elevations. Surface meltwater and slush flows originating in these channels would refreeze on the surface at the end of the summer, causing a series of thick ice layers and lenses interspersed with firn. Consequently, the GPR record tends to be particularly cluttered by noisy returns at altitudes of $1260-1450 m. In contrast, radar returns at lower elevations displayed much lower backscatter as the solid ice there is almost transparent to radio-frequency energy. Similarly, Langley and others (2008) and Dunse and others (2009) used distinct reflectors in GPR records from Austfonna, Svalbard, and Kongsvegen Glacier, Greenland, respectively, to characterize glacier facies beneath the winter snow and to distinguish the location of the firn line.
The transition between firn and ice facies represents the firn line, and occurred consistently at elevations of 1260-1300 m across the Belcher Glacier basin. At elevations below 1260 m the first layer (LSS-07) could be seen intermittently, but neither the second layer (LSS-05) nor any deeper ones could be tracked. This region of intermittent internal reflections likely indicates superimposed ice formation, with the ablation area occurring below this region where there were no internal reflections because the entire surface accumulation is removed each year. Since the superimposed ice zone represents a region of net annual accumulation, the equilibrium-line altitude occurs at the base of this zone and cannot be easily identified in the GPR traces.
Mass-balance patterns across the Devon Ice Cap accumulation area
To enable comparisons with earlier mass-balance studies on Devon Ice Cap, we determined net annual snow accumulation over the period 2005-07 by averaging the accumulation rate for each 100 m elevation band across that part of the Belcher Glacier basin above the firn line ( Fig. 6; Table 1 ). To convert snow depths to SWE values for these calculations, we used a snow density that varied with altitude based on the neutron probe records from the nearest borehole (Table 1 ). The 2005-07 net annual accumulation rate of 0.27 m w.e. a -1 in the summit region was a little higher than rates of 0.25, 0.24, 0.23 and 0.22 m w.e. a -1 found in previous studies that used shallow ice coring (respectively Koerner, 1977; Pinglot and others, 2003; Mair and others, 2005; . Direct comparisons are more problematic at lower altitudes as no previous longterm accumulation measurements have been made in the Belcher Glacier basin, and there is a strong gradient in accumulation rates across the ice cap between peaks in the southeast and minima in the northwest. This is related to distance from the primary moisture source of Baffin Bay and the North Open Water Polynya (Koerner, 1966) . For example, Mair and others (2005) found long-term accumulation rates on Devon Ice Cap of 0.27 m w.e. a -1 at an altitude of 1325 m to the south of the summit, but rates of 0.13 m w.e. a -1 at an altitude of 1340 m to the northwest of the summit. Accumulation rates at Belcher Glacier likely lie somewhere between these extremes given its location relative to Baffin Bay.
To assess winter snow accumulation patterns, we also calculated the winter 2007/08 SWE patterns for each elevation band using the GPR-derived snow depths and average density of 330 kg m -3 measured in the snow pits (Fig. 6 ). These show a clear relationship to altitude, with a peak of 0.31 m w.e. at the summit. If snow accumulation rates were constant over time, we would expect the 2005-07 net annual values to be lower than these winter values due to the influence of summer melt. However, Figure 6 indicates that the 2005-07 net annual rates were higher at some altitudes, particularly over the range 1300-1500 m. We believe that this may be related to the effects of wind redistribution. Koerner (1966) and Mair and others (2005) describe how katabatic winds can scour the snow from the upper parts of the ice cap from $1600 to 1800 m (but not right at the summit), with deposition of this snow at elevations below 1600 m. This is consistent with the patterns observed in our data (Fig. 6) , and our own observations of the occurrence of blowing snow in the field. We do not have sufficient data to explain why this pattern is not observed in the winter data, but hypothesize that it may be related to the dominance of these winds during the spring and summer.
CONCLUSIONS
This study has demonstrated that 500 MHz GPR provides an effective method of mapping glacier facies, the firn-line elevation and both winter (2007/08) and net annual (2005-07) snow accumulation patterns across Belcher Glacier. The dominant shallow IRH in our GPR traces equates to the nearsurface crust formed at the end of the previous (2007) summer. The depth of winter snow determined by GPR agrees well with manual point measurements made using an avalanche probe, and deeper layering agrees well with icecore stratigraphy and densities measured with a neutron probe (Figs 2 and 3) . GPR measurements have previously provided similar information elsewhere in the Arctic and Antarctic, but the technique has not previously been used to reconstruct annual or winter accumulation patterns in the Canadian Arctic. The results presented here suggest that GPR could provide an effective method to detect glacier facies distributions and measure snow accumulation patterns across large regions of ice caps in other locations in the Canadian Arctic (e.g. Baffin, Ellesmere and Axel Heiberg Islands) that would improve on existing point measures.
The firn-line elevation across Belcher Glacier ranged from 1260 to 1300 m during the period 2005-08. Elevation was the dominant control on winter snow accumulation patterns, although other factors (e.g. surface curvature and aspect) were also locally important. . These values appear to be a little higher than those found in previous studies on Devon Ice Cap, but given the lack of past measurements in the Belcher Glacier basin and natural intra-annual variability in snow accumulation patterns, there are no temporal trends that exceed the $15-20% error limits of our study.
